Influenza virus invades the olfactory bulb (OB) and enhances cytokine mRNAs therein at the time of illness onset. Here we show that viral antigen immunoreactivity co-localized with glial markers in the OB but could not be detected in other brain areas. Interleukin 1β-and tumor necrosis factor α-immunoreactivity co-localized with neuronal markers in olfactory and central autonomic systems, and the number of cytokine-immunoreactive neurons increased at the time of illness onset [15 h post-inoculation (PI)] but not before (10 h PI). These results suggest that the OB virus influences the brain cytokines and therefore the onset of illness.
Introduction
Clinical influenza infections are commonly marked by severe systemic illness both in animals and humans. It is generally assumed that this illness results from cytokines secreted from infected respiratory tissues (Vacheron et al., 1990; Hennet et al., 1992) acting upon the brain. However, we recently demonstrated that a mouse-adapted human strain of influenza (A/Puerto Rico/8/34 or PR8) invades the olfactory bulb (OB) of the brain within 4 h following intranasal infection of mature mice. This finding was unexpected because others have looked for PR8 virus in the mature mouse brain early in the infection with no success (Schlesinger, 1950; Schlesinger et al., 1998; Iwasaki et al., 2004) though it is detected together with viremia at 5 days post-infection (PI) (Mori et al., 1995) . Unlike avian influenza strains, PR8, as well as other human influenza strains [with the exception of neuro-adapted human strains (Schlesinger et al. 1998)] , are generally considered to be unable to invade the brain of the mature mouse. In our PR8 mouse model we see a precipitous and profound fall in body temperature (hypothermia) at 13-15 h PI along with expression of viral antigens in the rostral OB (Majde et al., 2007) . This hypothermic response, which is characteristic of mouse influenza (Fang et al., 1995; Conn et al., 1995) , marks the onset of illness [often termed sickness behavior or the acute phase response (APR)] in lethal PR8 influenza models. Viral RNA and proinflammatory cytokine interleukin1β (IL1β) and tumor necrosis factor α (TNFα) transcripts are also up regulated in the OB at the time of illness onset, along with mRNAs of type I interferoninduced enzymes (Majde et al., 2007) . The viral RNA consists of virion RNA (minus strand) and replication intermediates (plus strand), indicating that at least partial viral replication is ongoing in the OB as early as 4 h (Majde et al., 2007) . By 15 h PI, viral antigens are detected in microglia-like cells within the olfactory nerve (ON) and in the glomerular layer (GL) (Majde et al., 2007) . However, characterization of the cell types containing viral antigen and cytokine proteins remains incomplete.
Brain regions with projections from the OB, particularly the hypothalamus, are known to be involved in APRs such as hypothermia. The amygdala influences the APR via the hypothalamicpituitary-adrenal axis (Xu et al., 1999; Lin and York, 2004) . Specifically, activation of the central amygdala (CeA), as evidenced by an increase of c-Fos or cytokines such as TNFα and IL1β, occurs after immunological challenges in rodents by herpes virus (Ben Hur et al., 1996) , systemic Gram negative toxins such as lipopolysaccharide (LPS) (Frenois et al., 2007) , Gram positive enterotoxins (Rossi-George et al., 2005) , or the cytokine IL1β (Xu et al., 1999) . After systemic or local injections with LPS or IL1β, there is also an increase in c-Fos-immunoreactivity (IR) in the hypothalamic arcuate nucleus (Arc) (Reyes and Sawchenko, 2002; Scarlett et al; 2007) . Microinjection of IL1 into the medial preoptic nucleus (MPO) Journal of Neuroimmunology 211 (2009) 73-83 
